In this paper, we consider a region that invests in infrastructure used by both local demand and through transport. We then compare transport systems that have, for a given capacity, the same total infrastructure cost but vary in the proportion of fixed costs and variable capacity costs. We show, first, that infrastructure which has (ceteris paribus) a higher share of fixed costs leads to higher welfare for the regional government building it. Contrary to what is commonly believed, it therefore requires less, rather than more, federal subsidies. Second, we find that, even for capacity characterized by, ceteris paribus, very high shares of fixed costs, financing of infrastructure is generally not an important issue as long as regions are allowed to toll through traffic. Third, if member states cannot toll through traffic, or if a federal authority (such as the EU or the USA) can impose pricing at the global marginal social cost, our analysis shows that this reduces investment incentives for the individual regions, and subsidies may be needed. We discuss the policy implications of these findings and illustrate all theoretical results numerically. JEL: R41, R48
Introduction
Both in academic and policy circles it is often argued that there are two reasons why the provision and funding of transport capacity in a country or region may be quite problematic. First, if a region faces a lot of through traffic, it will have limited incentives to invest, unless it can charge high tolls on through traffic (see, e.g., De Borger,Dunkerley, Proost (2007) ). The reason is that, when making decisions, the regional government typically cares about the welfare of the local users of the infrastructure, the costs of capacity investments and possible revenues from user charges; however, it is likely to take into account neither the benefits of the infrastructure for foreign users nor their time losses due to possible congestion. Since any benefits from investment partially flow abroad, in the form of time gains for through traffic, this results in inefficiently low investment.
Second, funding of infrastructure capacity may be difficult when there are high fixed costs of capacity expansion. This argument goes back to the literature on cost recovery of transport investments (see, e.g., Mohring and Harwitz (1962), Small (1982) , and Arnott and Kraus (1998) ). This literature considers a decision maker interested in optimal investment in transport capacity and optimal user charges for use of the infrastructure. It shows that, if use of the infrastructure is priced at marginal social cost, the degree of cost recovery of an optimal transport investment strongly depends on the cost structure of capacity expansion. For example, assuming perfectly divisible capacity and a user cost function that is homogeneous of degree zero in volume and capacity (i.e., cost depends on the volume-capacity ratio only), optimal pricing implies exact cost recovery if there are constant returns to scale in capacity provision. More generally, the cost recovery ratio equals the elasticity of the capacity cost function with respect to capacity so that, for infrastructure with increasing returns to scale involving high fixed costs, deficits result 1 . The policy implication of this literature is that the funding of capacity investments may be problematic for infrastructures with high fixed costs; subsidies may be needed to implement marginal cost pricing 2 .
The above arguments have strongly influenced actual policy making. The reduction in investment incentives by local governments when through traffic is important has been one of the principle motivations in the EU and the US to subsidize interstate or cross-border transport investments. Moreover, the difficulty of cost recovery and the associated funding problems in the case of high fixed cost infrastructures largely explains recent policies in the EU, where member countries can apply for federal grants for their cross-border infrastructure projects within the framework of the Trans European Networks (TEN's). So far, the focus of these subsidies has been much more on rail and inland waterway investments (infrastructures with high fixed costs) than on road.
The purpose of this paper is to reconsider the role of the cost structure of capacity investments and of the presence of through traffic for investment incentives, for welfare and for cost recovery. This seems desirable for several reasons. First, the literature stressing the role of high fixed capacity costs has almost exclusively focused on issues of cost recovery, and much less on the welfare effects of different cost structures. For example, a relevant unanswered question is whether infrastructures with high fixed capacity costs (e.g. rail) generate more welfare for a region, and will therefore more easily be build, than an infrastructure with close to constant returns to scale in capacity expansion (e.g., roads)? Second, the available cost recovery theorems have been derived in a setting where a policy maker for a single region decides on capacity and pricing of an infrastructure that is only used by local transport; optimal pricing then implies charging users at marginal social cost. When countries face through transport, however, the literature shows that they will, in the absence of regulation, charge prices above the marginal social cost. This 'taxexporting' behavior allows them to generate more revenues on through traffic (see Arnott and Grieson (1981) and, in a transport setting, Levinson (2001) and De Borger, et al.(2007) ). It is intuitively clear that the relation between the cost structure of capacity investment and revenues through user charges may then become much more subtle than in the case without through traffic. It will not only depend on the capacity cost structure but also on countries' autonomy is deciding on tolls for infrastructure use.
In this paper, we therefore study the relation between the cost structure of capacity expansion (i.e., the relative share of fixed costs), welfare and cost recovery in a setting where an infrastructure is used both by local users and by through traffic.
Prototype examples of such a setting is a country within the EU or a state in the USA.
We obtain several interesting results. First, we show that infrastructures that have, for a given total cost, a large fixed cost component, are beneficial to a welfare maximizing country. Therefore, countries have higher incentives to invest so that, contrary to what is commonly believed, such investments require less, rather than more, federal subsidies. This result is shown to hold both in the case with and without through traffic. Second, in the case with both local and through traffic demand we find that, even for capacity characterized by very high shares of fixed costs, financing of infrastructure is generally not an important issue as long as regions are allowed to toll the use of the infrastructure. When the infrastructure can be priced by the regional governments, it is therefore no longer clear whether a high share of fixed costs of capacity expansion is a hurdle for the funding of investments. If the regional government is restricted (e.g., by regulation imposed by a higher-level federal government such as the EU) in its pricing policies, this reduces regions' investment incentives and subsidies may be justified. In general, whether funding problems arise depends, among others, on who is responsible for toll and capacity decisions, on the importance of through traffic, and on the structure of the capacity cost function.
These results have clear policy implications. For example, they suggest that the EU's emphasis of subsidies for cross-border infrastructures with high fixed costs may be misguided. Moreover, they suggest that the EU should not subsidize the provision of infrastructure at all in countries facing substantial through traffic and tolling can be decided by the member states. Finally, if member states cannot toll through traffic, or if the EU can impose socially optimal pricing on the transport corridor, then subsidies may well be justified to stimulate investment incentives.
The paper is structured as follows. Section 1 discusses the model set up.
Section 2 discusses the case of one isolated region with and without through traffic.
Section 3 illustrates with a numerical example the importance of the cost structure. A final section concludes.
Model formulation
In this section, we formulate the model to analyze the role of the cost structure (presence of high fixed costs of capacity expansion) for investment decisions, for cost recovery and for welfare. It is assumed that the infrastructure is build and operated by a region that faces both local and through traffic. We use a model set up close to De Borger et al. (2007) , but as they use a proportional capacity cost structure, they neglect issues related to the structure of the cost function.
Demand, prices, and user cost specification
Demand for local transport in a given region is represented by the strictly downward sloping and twice differentiable inverse demand function ( )
Y is the demand for transport in the region by local inhabitants. Overall demand for through traffic through A is described analogously by the strictly downward sloping inverse demand function ( ) X P X , where X is the through traffic flow. Note that prices are generalised prices; they include resource costs, time costs, and possible user charges. We focus throughout on the case where user charges are the same for local and through traffic 3 . The uniform toll is denoted by θ .
The generalised user costs for local transport and for through traffic, denoted as Y g and X g respectively, equal the sum of the time and resource costs of travel, plus the toll. Since local and through traffic both use the same infrastructure, we have:
In these expressions, (.) C is the time plus resource cost, assumed to depend on the volume-capacity ratio V q Z = . HereV X Y = + is the total transport volume, and Z denotes capacity. The user cost function is twice differentiable and strictly increasing in the total traffic volume relative to capacity.
In the absence of corner solutions, transport equilibrium for through traffic and local traffic implies equality between generalized prices and costs:
Differentiation of this system of equilibrium conditions and solving by Cramer's rule implies the following partial effects of toll and capacity changes on demands:
where
higher toll in the region implies lower demand for both local and through traffic. A capacity increase raises both demands.
Capacity costs and the isocost-isocapacity locus
To model different cost structures for capacity expansion, we have chosen for the simplest possible approach. Different degrees of returns to scale are captured by a linear capacity cost function. Let C(Z) represent total capacity cost, then the cost function is given by:
In this expression, F is a fixed cost and k is a constant marginal cost of capacity expansion. The degree of returns to scale can then be varied by changing, for a given Z, the share of the fixed and variable costs, i.e., by manipulating the parameters k and F. To see this, note that the degree of returns to scale can be measured by the inverse of the cost elasticity with respect to capacity:
where η is the cost elasticity:
. This specification therefore implies constant returns if the fixed capacity cost is zero; increasing the relative importance of the fixed cost yields a higher degree of increasing returns.
To study the implications of differences in the cost structure of capacity provision between, say, road and rail, it will be instructive to introduce the concept of an isocost-isocapacity locus {C°,Z°}≡{F≥0,k≥0 : F+kZ°=C°}. It is defined as the set of linear capacity cost functions that have the same total capacity cost C° for a given level of capacity Z°. The concept is illustrated in Figure 1 . For a reference level of capacity Z° and a total cost level C°, we can define all combinations of marginal capacity costs k and fixed costs F that generate the same total cost C°. All such combinations are given by a linear relation. Intersection of the isocost-isocapacity locus with the vertical axis reflects an infrastructure with zero fixed capacity costs but high marginal capacity expansion cost 1 k , so that
The intersection with the horizontal axis reflects the extreme case of an infrastructure which can be expanded at zero marginal cost 4 ; there is just a fixed cost
Varying the fixed and variable cost parameters allows us to describe, along this locus, a wide range of capacity cost structures in terms of the relative shares of fixed and variable costs in total costs. For example, for given Z°, rail infrastructure will typically be situated much further to the right than road infrastructure, which has a lower fixed cost share. 4 In the latter extreme case, of course, the notion of capacity and congestion looses its standard meaning, since capacity can be expanded without extra cost.
The objective function of the government
We assume that the objective function of the regional government captures the benefits for local users (net of user costs), toll revenues and capacity costs:
Note that we assume the regional government ignores the user benefits of foreign users; only the revenues they yield are taken into account (and their contribution to congestion, via the generalized prices). Of course, a higher-level government (say, the EU or the federal level in the USA) that would capture also the benefits for through traffic in the region would judge policies differently. Such a "federal" objective function can be formulated as follows:
2. The structure of capacity costs, welfare and cost recovery: theoretical analysis
In this section, we assume the region is responsible for pricing and capacity decisions. We then study what the implications are of differences in the share of fixed capacity costs for capacity provision, for welfare of the region, and for the cost recovery ratio. To do so, let us assume that for a benchmark constant returns to scale cost structure (zero fixed capacity costs), it is optimal for the regional government to provide positive transport capacity ( 0 Z > ). For this given capacity, we then analyze what happens when we alter the cost structure, along the isocost-isocapacity locus, towards higher shares of fixed capacity costs. To make the intuition of the results to be derived as transparent as possible, we proceed in several steps. We first consider the effect of altering the cost structure in the case of an isolated region without foreign traffic; a next step introduces through traffic. Finally, we briefly discuss extensions of the analysis to other settings.
The case of a single region with only local demand
Suppose an isolated region only has local transport. It decides on investment and transport tax levels by maximizing regional welfare. Now start from the benchmark case with zero fixed infrastructure costs, and then decrease the variable cost (hence raise the fixed cost above zero) along the isocost-isocapacity line.
Graphically, starting on the intersection with the vertical axis, we consider a movement from left to right along the linear relation depicted in Figure 1 . We formally show in Appendix 1 that such a movement implies that welfare cannot decrease, and will in fact rise.
The intuition behind this result is simple. Indeed, note that the same level of capacity as the one selected in the benchmark solution without fixed costs is still feasible. If the same capacity level were chosen, the cost structure would be different but the total cost and regional welfare would be identical to the benchmark. However, the change in the cost structure implies that the marginal cost of a unit of additional capacity has decreased. This implies it becomes interesting to add more capacity and realize reductions in travel user costs. As a consequence, regional welfare increases.
Infrastructures which have, for a given total cost, ceteris paribus, a large fixed cost component, are therefore more beneficial to a welfare maximizing region.
However, although welfare rises, optimal pricing of the use of the infrastructure does imply that a higher share of fixed costs is likely to decrease the cost recovery ratio. To see this, first note that the cost recovery ratio in the given region is defined as toll revenues relative to capacity costs:
Now consider optimal pricing and investment behavior by the regional government.
In the case of zero through traffic the welfare function (7) reads:
Maximizing with respect to θ and Z yields, using the equality between generalized price and generalized cost in equilibrium, the following toll and capacity rules, respectively:
The optimal toll rule just says that the toll equals the marginal external congestion cost; optimal capacity is obtained when the marginal cost and benefit of extra capacity are equal. Substituting these results in (9) immediately yields:
The cost recovery ratio is just the share of variable costs in total capacity costs, a simple application of the general rules derived by Mohring and Harwitz (1962) . The ratio equals the elasticity of capacity cost with respect to capacity (see (6)). Although changes in the cost structure obviously affect optimal capacity Z this does suggest that, the higher the importance of fixed costs, the lower the cost recovery ratio, given optimal pricing 5 . This is the basis for financing concerns in policy circles with respect to infrastructure investment involving high fixed costs.
We summarize our findings as Proposition 1 below.
PROPOSITION 1: Assume a linear capacity cost function. Consider a regional government that maximizes regional welfare and faces only local transport demand. Then a higher share of fixed capacity costs along an isocost-isocapacity line: (i) increases regional welfare, but (ii) reduces the cost-recovery ratio.
This proposition implies a dilemma: systems with high fixed costs are, ceteris paribus, welfare-improving but also raise the deficit 6 . The latter phenomenon has been stressed in the cost recovery literature; the former has somewhat been overlooked.
The case of a single region with local and through traffic
In many federal states, a local infrastructure is also used by non residents.
However, following the same argument as before, one again easily shows that a higher share of fixed costs can only improve welfare. Indeed, as long as the regional government has full control of the pricing and investment decisions, it can always stick to the policy that was optimal in the case with lower fixed costs; hence, it produces at least the same regional welfare as before. But since the decrease in marginal capacity cost makes extra capacity beneficial, higher capacity will be chosen and welfare rises. The formal proof is provided in Appendix 2.
The presence of through traffic does have important implications for cost recovery. The regional government now has an interest in tax exporting by raising the user charge above the marginal cost (see, e.g., Levinson (2001) , De Borger et al. (2007)). The cost recovery ratio is now:
The optimal toll and capacity rules that follow from maximizing the objective function (7) can be written as, after simple algebra (also see De Borger et al. (2007)):
where, as before, V X Y = + is the total transport flow on the regional link. Note that the pricing rule (12) indeed implies tax exporting: the toll is higher than marginal social cost, since the second term on the right hand side is positive and increasing in the importance of through traffic. Optimal capacity sets the net benefit (benefit at constant transport volume due to time savings minus the cost due to induced transport volumes plus extra toll revenues) equal to marginal capacity cost.
Combining (12) and (13) yields, after simple algebra:
Substituting this result into the cost recovery expression (11) leads to:
where Z ε is the elasticity of total transport demand (local plus through traffic) with respect to capacity increases. So:
Using (4), it follows that 1 Z ε < : a capacity increase raises total transport demand less than proportionately.
Interpretation of (14) is easy. First note that, if there is no through traffic, we have the same rule as in the case of local traffic only (see (10)). Second, the presence of foreign users implies that cost recovery need not be a problem, even for very high fixed costs. The second term in the numerator of (14) suggests that the cost recovery ratio is a rising function of the importance of through traffic. For substantial through traffic levels, (14) suggests that the cost recovery ratio can easily exceed one. Note also that it is now not obvious at all that raising the importance of the fixed cost F will reduce the cost recovery ratio, since all terms in the numerator depend on this share as well.
Note that this result on cost recovery hinges on the assumption of regional authority over pricing the infrastructure. If the region is restricted in its pricing policies, this has obvious implications for cost recovery. To see this, note that the optimal regional toll rule (12) can be rewritten, using (3) and remembering
The first term on the right hand side is the global marginal external congestion cost, capturing both the time losses of local and through traffic demand. The second term is positive, implying that the toll exceeds the global marginal external cost. Now suppose that a federal authority imposes tolling at the global marginal external cost.
This prevents the region from charging its preferred (higher) toll. On the one hand, investment incentives are reduced because of lower benefits of extra capacity investment (see (13)); on the other hand, demand by local users increases due to lower tolls, raising investment incentives. The effects on capacity and cost recovery are a priori unclear.
We summarize the results of this subsection in Proposition 2. Interestingly, the proposition even holds when no user charges can be implemented at all, and notwithstanding the fact that through traffic is decreasing the welfare of the local users. The main explanation for the positive welfare effect is, again, that the lower marginal capacity cost increases the optimal capacity level; this also benefits local users.
Cost recovery results, of course, do depend on the pricing instruments used. In the case of toll differentiation, we again find strong tax exporting behavior by the regional government, leading to high cost recovery ratios even in the presence of high fixed capacity cost shares. But, if for some reason only local demand can be tolled then cost recovery is indeed a problem.
We also can extend the model to a setting of a transport corridor that passes through several regions, where we allow for tax and capacity competition between the regions (as in De Borger et al. (2007)). Again, this does not change the basic insight that a higher fixed cost share of capacity raises regional welfare. Tax competition between the regions does imply that toll levels are reduced compared to the case analyzed in Section 2.2 above, due to reactions of the other regions. A toll increase in a given region along a transport corridor will lead the other regions to react by somewhat reducing toll levels.
To elaborate on the case of a transport corridor with competing regions, first consider the simplified case without tolling. In Appendix 3, we show the following proposition:
Proposition 3:
Assume linear demand, user cost and capacity cost functions, and consider a capacity game between two regional governments that each maximize regional welfare; both regions face local and through traffic. Comparing cost structures along an isocost and isocapacity line then imply that the welfare effect of a higher share of fixed costs is theoretically ambiguous. Under plausible conditions, however, it is positive.
The reason for the ambiguity in general is that the cost structure affects welfare in two different ways. First, as in the case of a single region, a higher share of fixed costs in a region raises local welfare, conditional on capacity investment in the other region.
Second, however, in a Nash capacity game the cost structure in one region implies strategic responses by the other region. These were obviously absent in the analysis with only one region. Capacity cost changes in A affect optimal capacity in A and, hence, strategic reactions for optimal capacity in B. Depending on the size of these strategic effects and the slope of capacity reaction functions, this second effect may strengthen or weaken the direct welfare-enhancing effect of higher fixed costs.
If we consider the impact of cost structure changes in the full capacity-tolling game between the two countries, the theoretical analysis becomes highly intractable.
We resort to numerical analysis in section 3 to learn more about the role of fixed capacity costs on capacities, tolls and welfare.
Finally, we could also generalize the linear capacity cost functions to more general non-linear forms. The isocost-isocapacity locus concept can be generalized to any non linear capacity function, introducing any number of parameters for the non linear cost function. For the basic intuition that moving to a higher fixed cost share function is beneficial to hold, one needs that along the locus, an increase in the fixed cost share is compensated by a decrease in the marginal capacity cost.
The capacity cost structure and the selection of investment projects by regions
The suggestion that a capacity cost structure with a high share of fixed costs is a good thing for the regions' welfare has still other important implications, provided one is willing to interpret different cost structures in a slightly different way. Suppose that the project also benefits foreign users; the surplus of these users is captured by ( , ; , )
, assumed to be positive. As regional governments do not take into account the consumer surplus of these foreign users, this may imply that some projects that are beneficial for the "federation" as a whole (projects for which ( , ; , ) ( , ; , ) 0
are not undertaken by the individual region.
However, since W A is an increasing function of the share of fixed costs (as shown in the previous section) and assuming that through traffic welfare is positive, it follows that, along an isocost and isocapacity locus, the higher is the level of fixed costs, the higher is the probability that a regional government undertakes a federally beneficial project. The policy implication of this finding is clear, viz., that federal support for regional projects becomes less (and not more) necessary when the share of fixed costs rises.
The above discussion can easily be extended to derive several interesting propositions on the effect of tolling on the willingness of an individual region to execute federally beneficial projects. Again denote by ( , ; , ) 
Using these relations, we easily show that allowing a region or region to decide on tolls in the region raises the number of federally beneficial projects that the region will autonomously want to execute. This directly follows from the finding that tolling raises regional welfare. Moreover, it also follows that imposing marginal social cost pricing on the region raises overall welfare but decreases the number of federally beneficial projects that the region will want to execute. This statement follows because first-best tolls must necessarily reduce regional welfare compared to regionally optimal tolls.
We summarize our finding from this subsection in the following proposition.
PROPOSITION 4: In a region facing both local and through traffic demand: (i) The higher the fixed cost of a project along an isocost-isocapacity line, the more likely a region is to execute a federally beneficial project. (ii)
Starting from a no tolling equilibrium, allowing uniform tolling implies that more projects that are worthwhile from the federal viewpoint will be regionally implemented.
(iii)
Starting from a uniform tolling equilibrium decided by a regional government, imposing first-best tolls on regions improves federal welfare, but it decreases the number a projects taken on by an individual region.
Numerical illustration
In this section we look at the effect of increasing fixed costs and decreasing variable costs on pricing, capacity investment, taxes, demand, welfare and cost recovery. After briefly discussing calibration of the model, we first consider the situation when there is only local traffic. Both the case with and without tolling is considered. Then we introduce through traffic and analyze the changes this implies;
again, the case with and without tolling are considered. In a final subsection, we report on the results of other tolling regimes and multiple competing regions.
For the numerical application we use linear demand and user cost specifications. We prefer the linear demand function because we want a choke price above which demand drops to zero 7 . A linear user cost function is used for purposes of analytical tractability; moreover, it can be formally justified in a bottleneck type of congestion model (Arnott, de Palma, Lindsey (1993) ). Specifically, we use the following demand and user cost functions: 
Calibration
We will study the implications of the capacity cost structure for different regimes: with and without through traffic, with and without tolling, etc. For all regimes considered, we start with the same constant returns to scale capacity cost function ( ) C Z kZ = ; hence, k was taken to be the same for all regimes. The variable capacity cost k was calibrated in De Borger et al. (2007) such that, in the no-toll reference equilibrium, local and through traffic demand each account for 50% of total traffic in the region studied, and that the share of other costs and time costs are equal.
Moreover, the demand elasticities equal -0.31 for local traffic and -0.13 for through traffic 8 . The calibrated unit (variable) cost of capacity was equal to €18.69. This value was used for all regimes studied in this paper as well.
For each regime, we then proceeded as follows. Starting from the constant returns to scale situation, i.e., using k 0 =€18.69 and 0 0 F = , we determined the optimal Z* and the associated total cost ( *) C Z for this regime. We then allow the variable capacity cost to decrease and, simultaneously, the fixed cost to increase in such a way that, for a given Z*, the total cost, ( *) C Z , remains constant. Note that this defines the isocost-isocapacity line for the regime under consideration. Of course, the isocostisocapacity line differs between regimes because the optimal capacity level Z*, and hence the total cost, depend on whether tolling is possible and whether through traffic is present.
Effects of the capacity cost structure: The case of a single region without through traffic
We first look at the effect on the investment decisions of a given region when Consider Table 1a . The first two lines show some (k,F) pairs along the isocostisocapacity line, determined as described above. To be more precise, all these variable and fixed cost pairs produce, for the optimal capacity under constant returns to scale (which equals Z*=1395 for this regime), the same total capacity cost (equal to C(Z*)=26080). The rest of the table gives, among others, the impact on demand, tolls, capacity levels and welfare. Results are easily interpreted. First note that optimal capacity provision rises when the fixed cost component increases. This is quite intuitive, due to the smaller marginal cost of capacity expansion. Higher capacity further implies lower congestion. Tolls on transport use, which are equal to the local marginal external costs (see the theoretical section 2.1), also reduce markedly due to the large decrease in congestion. The increase in demand is relatively small.
As expected, the degree of returns to scale has implications for the relation between toll revenues and total capacity costs. The latter have risen because of much higher capacity investments. Toll revenues go down when fixed capacity costs become more important, due to substantially lower tolls on just slightly more demand.
Cost recovery becomes therefore less favorable. This is as predicted by the theory. Figure 2 represents the results for this case graphically.
In 
Case of a single region with through traffic
Tables 2a-2b report the results when through traffic is present. In the reference case used for calibration, it is assumed that through traffic accounts for 50% of total traffic in the absence of tolls. Note that, as explained above, the ( , k F ) pairs differ from those in table 1, because this regime produces a different optimal capacity and optimal capacity cost under constant returns to scale capacity expansion.
Apart from toll levels and cost recovery, the results are again quite similar for the cases with and without tolling. As before, decreasing the size of the variable capacity costs raises optimal capacity levels, and welfare rises. There is also a marked increase in investment in capacity whereas both local and through traffic demands increase only slightly.
The crucial difference between Tables 2a and 1a obviously relates to tolling behaviour and cost recovery. Tax exporting implies that the uniform toll in Table 2a is very high. Moreover, contrary to the case without through traffic, it only marginally declines for higher shares of fixed capacity costs. To understand this, remember that the optimal uniform toll consists of two components (see (12)), viz., the local marginal external cost and a tax exporting component that depends on the importance of through traffic and the sensitivity of demand. The local marginal external cost slightly declines when fixed capacity costs are more prominent (due to lower volumecapacity ratios), which reduces the toll. The tax exporting component, however, slightly increases due to higher through traffic demand.
Considering the cost recovery issue note that, unlike in the case without through traffic, tax exporting implies that the uniform tolls generate much more revenues than required to finance capacity costs. Funding is not a problem at all, given that the region decides on tolling (and hence charges high tolls) and investment levels. Note also that cost recovery ratios do not monotonically decline when fixed costs become more important.
Comparing the welfare effects reported in the bottom rows of Tables 1a and 2a suggests that, in the case tolling is possible, the presence of through traffic is likely to raise welfare. Note that the regions' welfare in the case of zero through traffic amounts to 127602 at the reference case with zero fixed costs; welfare with through traffic amounts to 217217, reflecting huge transport tax revenues. 9 However, when through traffic cannot be tolled (compare Table 1b To conclude this subsection, we briefly compare the results with the first-best 'global' optimum, i.e., the optimal pricing and investment policy that does take account of the welfare of through traffic users when making decisions; this optimum is derived from objective function (8). One easily shows that this implies setting tolls at the global marginal external congestion cost (which equals ' V C Z ) that captures both locals and through traffic time losses. The numerical results (not reported) again show that capacities and welfare are both rising when the share of the fixed cost becomes more important. Not surprisingly, cost recovery associated with optimal behaviour at the federal level is again problematic when there are fixed infrastructure costs.
Together with the results in Table 2a , this illustrates again the dilemma for federal authorities. When there are high fixed costs, toll-capacity setting by regions does not pose serious funding problems but, of course, global welfare is lower than at the global optimum. The latter, however, implies less than full cost recovery and hence funding problems. If there are fixed costs, the trade-off is clear. The 'federal' level can impose efficient pricing and investment but then needs to support funding, or it can allow regions to toll through traffic. This implies funding is no problem but results in welfare losses at the federal level.
The role of fixed capacity costs in a serial transport corridor.
In this sub-section we finally briefly report on application of some extended models. We studied alternative pricing instruments together with tax competition in a serial transport corridor with two regions. In a serial transport corridor, through traffic passes through two regions that each have also local traffic on their network. Both regions play a game in capacity and tolling (see De Borger et al. (2007) ). Next to uniform tolling and no tolling we study two more pricing regimes: differentiated tolls for local and through traffic and a regime where only local users can be tolled. The results that are reported are highly intuitive and do not change the main insights from this paper; for example, in all cases we found higher fixed cost shares to increase welfare and to raise capacity.
The results are presented in Tables 3a to 3d Welfare rises in all cases as well. The welfare is in fact positive in all cases but is highest with differentiated tolling, where tax revenue can be extracted from foreign traffic, and lowest with no toll.
In the regimes with differentiated tolling and local tolls only we observe a large decrease in the local toll, as local marginal external costs decrease in line with congestion. The through traffic toll rises slightly. For the uniform toll regime, the toll marginally declines. To understand this, note that the optimal uniform toll consists of two components (see De Borger et al (2007)), viz., the local marginal external cost and a tax exporting component that depends on the importance of through traffic and the sensitivity of demand. The second component is numerically most important. The local marginal external cost declines when fixed capacity costs are more prominent, which reduces the toll. The second component, however, increases. This leads to the resulting small decrease in tax in this case. As in the case without through traffic, there is also a marked increase in investment in capacity whereas both local and through traffic increase only slightly.
Although relative increases in capacity are similar for all pricing regimes, in absolute terms there is greater investment in capacity when no pricing instruments are available or through traffic cannot be tolled. There is less investment with uniform tolls than with differentiated tolls because further investment would not bring additional revenue from through traffic as this would also penalise local users.
Considering the cost recovery issue note, unlike in the case without through traffic, the uniform (Table 3a) and differentiated tolling (Table 3b ) cases generate more revenues than required to finance capacity costs. Note, however, that (contrary to expectations), cost recovery is apparently easiest with uniform tolls. Moreover, cost recovery ratios do not monotonically decline when fixed costs become more important (again, contrary to expectations). When only local tolls (Table 3c) can be used, a substantial deficit occurs; it rises in the share of fixed costs, as predicted by the theory. These results show that funding of infrastructure is hardly a problem in tax-capacity games as long as countries are allowed to toll through traffic. However, it again points at a dilemma: financing of investment is not a problem in this case, but allowing countries to toll through traffic is not welfare improving (also see below, federal solution).
The welfare effects reported in Tables 1,2 and 3 can be interpreted also in a slightly different way. They show that in the cases where through traffic can be tolled (uniform and differentiated tolling cases) the introduction of through traffic is likely to raise welfare. However, when through traffic cannot be tolled, we expect welfare to go down if through traffic is introduced. For example, compare the welfare levels in Table 1a and Tables 3a and 3b . The introduction of through traffic combined with tolls raises welfare. Now compare Table 1a with Tables 3c and 3d Finally, in Table 4 we present the 'federal' solution to the two region serial corridor price-capacity problem. This implies uniform tolls equal to the global marginal external cost (taking into account time losses imposed on through traffic).
Again, capacity and welfare is rising in fixed cost; cost recovery declines in fixed cost. Obviously, cost recovery associated with optimal behaviour at the federal level is again problematic when there are fixed infrastructure costs. Together with the results in Table 3 , these findings illustrate again the dilemma for federal authorities.
Even when there are high fixed costs, toll-capacity competition does not pose serious funding problems as long as through traffic can be tolled; however, toll-capacity competition is welfare-reducing. 
Conclusions
In this paper we ask what the implications are for welfare and for cost recovery when governments decide on capacity investment and user charges for a transport infrastructure that implies large fixed capacity costs. We obtain some interesting results. First, we show that an infrastructure that has ceteris paribus a higher share of fixed costs raises welfare for the regional government building it. This implies that it increases (and not reduces) the incentives for the regional government to invest in it so that it requires less (rather than more) federal subsidies. This holds both in the case the infrastructure is only used by local inhabitants and in the case a region faces a lot of through traffic. Second, we find that, even for capacity characterized by very high shares of fixed costs, financing of infrastructure is generally not an important issue as long as regions are allowed to toll through traffic .
Third, if member states cannot toll through traffic, or if a federal authority (such as the EU or the federal level in the USA) can impose pricing at the global marginal social cost, our analysis shows that this reduces investment incentives for the individual regions, and subsidies may be needed.
The difficulty of cost recovery and the associated funding problems in the case of high fixed costs largely explain recent EU policy to focus subsidies much more on rail and inland waterway investments (infrastructure with high fixed costs) than on road. Our results suggest that the emphasis on infrastructures with high fixed capacity costs may be inappropriate. Moreover, our results suggest that the EU should not necessarily subsidize the provision of infrastructure if tolling can be decided by the member states, because cost recovery will typically not be a problem. Finally, the analysis of this paper clearly identifies a dilemma for a federal authority: either one allows countries to decide on tolling and avoids funding problems, but at the expense of lower global welfare, or one imposes optimal tolling from the federal perspective on the regions, but at the expense of lower investment incentives at the regional level.
Appendix 1: Proof of Proposition 1
Start from the optimal capacity and corresponding capacity cost for the case of an infrastructure with constant returns to scale (zero fixed cost). Denote the variable cost of capacity by * k ; optimal capacity is denoted * Z , hence optimal capacity cost for this case is
Then consider the isocost/isocapacity structure * * C kZ F − = describing all combinations of fixed and variable cost ( , F k ) that yield, for the given capacity * Z , the same total cost * C . This isocost-isocapacity line can be written as:
Remember the welfare function is given by:
Now consider the welfare impact of a change in the cost structure along an isocostisocapacity line. Specifically, consider a change in variable cost k (and, hence, a corresponding change in fixed cost); the effect on welfare is given by:
where we have deleted the subscript reg to save on notation, and opt Z is the optimal capacity associated with the welfare optimization program (A2). Noting that the firstorder condition for optimal capacity implies 0 W Z ∂ ∂ = , we can simplify (A3) to
. Differentiating (A2), we immediately obtain:
To show that an increase in the fixed cost along an isocost-isocapacity locus raises welfare it suffices to show that the right-hand-side of (A4) is negative, since higher variable cost is equivalent to lower fixed cost. To show that this is the case, note that, since * Z corresponds to optimal capacity at variable capacity cost 
Indeed, letting f denote the left hand side of (A5), the implicit function theorem tells us that
The denominator of (A6) is negative by the second order condition for optimal capacities. Simple differentiation yields that the numerator
. Hence, (A6) is negative. This completes the proof.
Appendix 2: Proof of Proposition 2
In the case of through traffic we analogously show that higher fixed costs along an isocost-isocapacity line raises welfare. First, following the same logic as in the proof of Proposition 1 in Appendix 1 (substituting (A1) in the objective function To show that this holds, note that for the case with through traffic, the first-order condition on capacity (see 13) can be written in the form 2 ( ) 0 G Z kZ − = , where the function ( ) G Z --i.e., the left hand side of (13) --is independent of k . Indeed, marginal investment costs do not appear in the optimal toll rule (12) nor in the demand and congestion functions. Denoting . This completes the proof.
Appendix 3: Summary proof of Proposition 3
Assume regions impose no tolls, but only compete in capacities. The first order conditions for optimal capacity in each region implicitly define the reaction functions in capacities. Solving these reaction functions, we can then write the Nash equilibrium capacities in general as a function of the variable cost parameters in the two regions: Welfare levels at the Nash equilibrium are obtained by substituting the Nash equilibrium capacities into the respective welfare functions; they can be written in general: 
To study the effect of an increase in the fixed cost share in A on welfare at the Nash equilibrium for A, we totally differentiate to obtain:
where we have used the fact that optimal capacity in A implies that 0
Expression (A8) shows that the effect of a change in the cost structure has a direct and an indirect component. The first term on the right hand side is the direct effect. As in the proofs of Propositions 1 and 2, we again have:
This can again be shown to be negative, using exactly the same procedure as before. So the direct effect of higher fixed cost shares is to raise welfare.
The second component on the right hand side of (A8) captures the effect of changes in the cost structure in A on welfare in A via the strategic response of region B. The cost change in A affects optimal capacity in B (because it affects capacity in A and hence through traffic, which induces B to optimally respond by adjusting capacity); the capacity change in B in turn affects welfare in region A. To study the sign of these effects note that, using (7) and the fact that tolls are zero, shown to be negative. This makes intuitive sense: more capacity in B raises through traffic and, therefore, reduces welfare in A. Finally, the effect of variable capacity cost in region A on Nash equilibrium capacities in B is ambiguous. However, differentiating system (A7) it easily follows that the term capacities. This makes sense: if variable capacity cost in A rises along an isocostisocapacity line (hence fixed cost goes down) capacity in A will decline; this will reduce (raise) capacity in B if reaction functions are upward (downward) sloping. Although the numerical analysis suggests that reaction functions are very plausibly upward sloping, this need not generally be the case. In summary, the first term on the right hand side of (A8) is negative, the second term is positive (negative) if capacity reaction functions are upward (downward) sloping. The numerical analysis suggests that the first term dominates, however, so that raising the fixed cost share is welfare improving.
